Here we report a human intellectual disability disease locus on chromosome 14q31.3 corresponding to mutation of the ZC3H14 gene that encodes a conserved polyadenosine RNA binding protein. We identify ZC3H14 mRNA transcripts in the human central nervous system, and we find that rodent ZC3H14 protein is expressed in hippocampal neurons and colocalizes with poly(A) RNA in neuronal cell bodies. A Drosophila melanogaster model of this disease created by mutation of the gene encoding the ZC3H14 ortholog dNab2, which also binds polyadenosine RNA, reveals that dNab2 is essential for development and required in neurons for normal locomotion and flight. Biochemical and genetic data indicate that dNab2 restricts bulk poly(A) tail length in vivo, suggesting that this function may underlie its role in development and disease. These studies reveal a conserved requirement for ZC3H14/dNab2 in the metazoan nervous system and identify a poly(A) RNA binding protein associated with a human brain disorder.
Here we report a human intellectual disability disease locus on chromosome 14q31.3 corresponding to mutation of the ZC3H14 gene that encodes a conserved polyadenosine RNA binding protein. We identify ZC3H14 mRNA transcripts in the human central nervous system, and we find that rodent ZC3H14 protein is expressed in hippocampal neurons and colocalizes with poly(A) RNA in neuronal cell bodies. A Drosophila melanogaster model of this disease created by mutation of the gene encoding the ZC3H14 ortholog dNab2, which also binds polyadenosine RNA, reveals that dNab2 is essential for development and required in neurons for normal locomotion and flight. Biochemical and genetic data indicate that dNab2 restricts bulk poly(A) tail length in vivo, suggesting that this function may underlie its role in development and disease. These studies reveal a conserved requirement for ZC3H14/dNab2 in the metazoan nervous system and identify a poly(A) RNA binding protein associated with a human brain disorder.
polyadenylation | RNA processing | zinc-finger | mental retardation U nraveling the complex networks underlying brain function is a challenging problem for both basic and medical science. One way to understand brain function is to identify and characterize genes that, when mutated, impair normal human intellectual development. Intellectual disability (ID), previously referred to as mental retardation, is characterized by limited intellectual capacities reflected by an intelligence quotient (IQ) below 70 and major constraints in adaptive behavior (1) . Therapeutic options for the treatment of ID are extremely limited, and its comparatively high prevalence of about 2% renders this disorder a major socioeconomic burden (1) .
During the course of a large-scale systematic study to identify autosomal recessive ID (ARID) causing genetic defects in large Iranian families with intellectually disabled children born from blood-related parents (2, 3), we identified a locus for unspecific or nonsyndromic ARID (NS-ARID) on chromosome 14q31.3 corresponding to mutation of the ZC3H14 gene in two independent families. ZC3H14 encodes an evolutionarily conserved Cys 3 His tandem zinc finger polyadenosine RNA binding protein (4, 5) . The founding member of this protein family, Saccharomyces cerevisiae Nab2, is essential for viability and required for proper 3′-end formation and poly(A) RNA export from the nucleus (6, 7) . Although multiple tissue-specific splice variants of human ZC3H14 have been described (5) , their function in multicellular organisms has not been examined.
To better understand ZC3H14/Nab2 function in metazoans, we exploited Drosophila melanogaster as a model for the developmental consequences of ZC3H14 loss in humans. Loss of the putative Drosophila ZC3H14 ortholog, dNab2, disrupts normal development and impairs neural function. Using tissue-specific depletion, we identify a pan-neuronal requirement for dNab2 in normal behavior. Biochemical and genetic analyses indicate that dNab2 restricts bulk RNA poly(A) tail length in vivo and suggest that this conserved function may underlie the effect of dNab2 loss on development and behavior. Taken together, these studies reveal a conserved requirement for ZC3H14/dNab2 in the metazoan nervous system and identify a poly(A) RNA binding protein associated with a human brain disorder.
Results

ZC3H14
Gene Is Mutated in NS-ARID Patients. To identify molecular causes of NS-ARID, we performed a large-scale autozygosity mapping and linkage analysis in a cohort of more than 200 consanguineous Iranian families (3). This analysis identified an NS-ARID locus on chromosome 14q31.3-q32.12 in a family with three affected males ( Fig. 1A and Table S1 ). The linkage interval had the maximum attainable LOD [logarithm (base 10) of odds of linkage] score of 2.7 ( Fig. S1B) , and no other autosomal linkage intervals were observed according to the one LOD down rule (8) . A second significant interval was identified on chromosome Xp22.11-p11.4 (LOD = 1.2), but this interval contained no sequence changes in protein coding regions (Fig. S1 B, D , and E). Sequencing of all protein coding regions within the 14q31.3-q32.12 locus (Fig. S1 F and G) identified a homozygous nonsense mutation (R154X) in exon 6 of the ZC3H14 gene (Fig. 1B and Fig. S2A ), which cosegregated with the disease. This mutation was absent in 1,864 chromosomes from healthy individuals, including 1,184 chromosomes from ethnically matched controls, 310 chromosomes from German controls, and 370 chromosomes from the 1,000 genome pilot projects 1 and 2 (9) . Moreover, screening of the entire gene in a subset of 330 chromosomes from the Iranian controls and the 370 chromosomes from the 1,000 genome project detected no deleterious mutations.
The ZC3H14 gene encodes a poly(A) RNA binding protein with similarity to S. cerevisiae Nab2 (4, 5) . As shown in Fig. 1B , ZC3H14 is alternatively spliced to encode four ZC3H14 protein isoforms (5) . The R154X mutation is predicted to disrupt the ubiquitously expressed longer isoforms 1-3 but not the shorter brain-and testes-enriched isoform 4. Immunoblot analysis using an anti-ZC3H14 antibody raised against the N-terminal prolinetryptophan-isoleucine (PWI)-like domain of isoforms 1-3, which exclusively recognizes isoforms 1-3 (5), confirmed that R154X patient-derived lymphoblasts lack ZC3H14 isoforms 1-3 (Fig.  1C) . Parallel staining of R154X patient fibroblasts with a commercial ZC3H14 antibody that recognizes all four ZC3H14 isoforms (Abcam) revealed no detectable nuclear ZC3H14 (isoforms 1-3), whereas the cytoplasmic pool of protein, corresponding to isoform 4 (5), was still present (Fig. 1D, Lower) . Subsequent sequencing of ZC3H14 in a second family showing NS-ARID and a linkage interval with maximum attainable LOD score (2.5) at the same chromosome 14 locus revealed a 25-bp deletion located 16 bp downstream of the 3′-end boundary of the annotated common exon 16 of ZC3H14 (Fig. 1B, Figs . S1 A, C, and H and S2 B-D, and Table S1 ). This mutation cosegregated with the patient phenotype and was not found to be homozygous in 831 control individuals.
ZC3H14 Protein Is Expressed in the CNS and Colocalizes with Poly(A)
mRNA in Hippocampal Neurons. We confirmed that ZC3H14 is expressed in the brain. ZC3H14 transcripts were readily detected in adult and fetal human brain samples by RT-PCR ( Fig. 2A) . Immunostaining of sections of adult mouse brain revealed that ZC3H14 protein is enriched in hippocampal neurons relative to glia (Fig. 2B) . Furthermore, poly(A) RNA-specific FISH combined with anti-ZC3H14 immunostaining using the anti-PWI-like domain antibody showed that ZC3H14 and poly(A) RNA colocalize in nuclear speckles in both the pyramidal layer of mouse CA1 ( Fig. 2C ) and cultured rat hippocampal neurons (Fig. 2D ). as a system to understand tissue-specific roles and requirements for ZC3H14 in metazoans. Based on sequence similarity and domain conservation, we identified the uncharacterized gene CG5720 (Flybase.org) as the putative Drosophila ZC3H14/Nab2 ortholog (dNab2) (Fig. 3A) . The conserved dNab2 C-terminal tandem Cys 3 His zinc finger (ZnF) domain (Fig. 3A) , which mediates polyadenosine RNA binding in other species (4, 10) , showed preferential binding to polyadenosine RNA in vitro (Fig.  3B) . The intracellular localization of dNab2 mirrored the localization of both Nab2 (7) and ZC3H14 (isoforms 1-3) (5), because immunostaining for dNab2 revealed nuclear expression throughout development in all tissues examined, including the nervous system (Fig. S3 A and B) .
dNab2 Is Essential for Normal Development. To determine whether dNab2 contributes to development or function of the nervous system, we created dNab2 alleles by imprecise excision of a P-element (P{EPgy2}EY08422) located upstream of the dNab2 gene (Fig. 3C) . Five excisions of EY08422 (ex1-ex5) were recovered with genomic deletions ranging from 0.9 to 1.5 kb that extend into the dNab2 gene (Fig. 3C) ; all of these alleles failed to express dNab2 mRNA and protein ( Fig. 3D and Fig. S3C ). The dNab2 ex3 null allele was used for all subsequent experiments. Through mid-pupal development, dNab2 ex3 homozygous mutants showed no evidence of morphological or behavioral defects, reduced viability, or developmental delay. However, a majority of the dNab2 ex3 homozygotes died during late pupal phase and displayed eclosion defects (Fig. 3E) ; the few remaining dNab2 ex3 mutants (∼3-5%) emerged completely, but they exhibited a shortened lifespan (∼1.5 wk) and morphological defects reminiscent of other mutants in RNA binding proteins, including defects in neuronal function (11, 12) . These phenotypes include wings held-out, in which flies fail to fold their wings together over the dorsal surface of the thorax and abdomen (Fig. 3G) , and disorganization and bending of thoracic bristles ( Fig. 3 J and K) . All of these phenotypes were also present in animals carrying dNab2 ex3 in trans to genomic deletions (deficiencies) that completely remove the dNab2 gene (Fig. 3 F, H , L, and M and Fig. S3 D-K), but they were absent in control flies that are homozygous for a precise excision (p-ex) of the EY08422 element (Fig. 3 I, N (Fig. 4A, Fig. S4 A and B, and Movies S1 and S2). However, zygotic loss of dNab2 caused no changes in expression patterns of the neuronal marker Elav or the presynaptic active zone marker Nc82 that were evident at the level of the whole brain ( Fig. S3 L-O) . Similarly, loss of dNab2 had no detectable effect on gross synaptic structure based on analysis of synaptic bouton number and organization at the larval muscle 6/7 neuromuscular junction (Fig. S3P) .
To examine tissue-specific requirements for dNab2, we used an inverted repeat (IR) dNab2 RNAi transgene, which reduced dNab2 protein levels in vivo (Fig. S4D) , to deplete dNab2 from specific tissues. Pan-neuronal knockdown of dNab2 (Elav-Gal4 > Dcr2, IR) caused flight defects, indicating that dNab2 is required in neurons for normal flight behavior (Fig. S4A) . Furthermore, pan-neuronal knockdown of dNab2 strongly recapitulated the locomotor defect of the dNab2 genomic null allele (Fig. 4A and Movies S3 and S4). A modest decline in locomotor activity was also observed in flies depleted of dNab2 specifically in motor neurons (OK6-Gal4 > IR) (Fig. S4C) , suggesting that dNab2 acts within multiple types of neurons to support normal locomotor behavior. In contrast, pan-muscle dNab2 knockdown flies generated by using two independent muscle-specific Gal4 drivers (Mef2-Gal4 or Mhc-Gal4) showed a negative geotaxis response indistinguishable from controls ( Fig. 4A and Fig. S4E ), revealing that dNab2 may be specifically required in neurons for normal locomotor activity.
To confirm the neuronal requirement for dNab2, we tested whether a transgene expressing WT dNab2 (UAS-dNab2-Flag) only in neurons could rescue the dNab2 ex3 mutant phenotype.
The UAS-dNab2 transgene alone mildly rescued eclosion rates and locomotor defects among dNab2 mutants in the absence of a Gal4 driver (rescue control) (Fig. 4 B and C) . Consistent with this rescue, a low level of leaky expression from the transgene was confirmed by immunoblotting. Importantly, restoring dNab2 expression pan-neuronally (Elav-Gal4) in dNab2 null flies completely rescued the eclosion and locomotor defects (Fig. 4 B and C and Movies S5 and S6). In control experiments, ubiquitous overexpression of dNab2 was lethal to WT flies, but those flies overexpressing dNab2 from a pan-neuronal driver (Elav-Gal4) were viable and performed normally in locomotor assays (Fig. S4  F and F′) , indicating that rescue by neuronal expression of dNab2 was not caused by enhanced performance. Thus, expression of dNab2 only in neurons seems to be sufficient to rescue viability and behavior in animals otherwise lacking dNab2.
dNab2 Is Required for Proper Control of Poly(A) Tail Length. To begin to understand the molecular role of dNab2 in the nervous system, we used a genetic-modifier approach to screen a small collection of alleles of select genes for their ability to modify a rough-eye phenotype produced by overexpressing WT dNab2 in the differentiating neurons of the eye (Fig. 5A, i and ii). Although most alleles tested showed little or no effect, we observed robust and fully penetrant genetic interactions between dNab2 and two components of the polyadenylation machinery (Table  S2) : the poly(A) polymerase hiiragi (hrg) (13) and Pabp2, the Drosophila ortholog of the nuclear poly(A) binding protein PABPN1/PABP2 that promotes polyadenylation of mRNAs (14) . Heterozygosity for an hrg loss of function allele, hrg 10 (15), strongly enhanced the dNab2-driven adult eye phenotype, but it had no dominant effect on eye morphology in a WT background. Similarly, the Pabp2 55 loss of function allele dominantly enhanced the dNab2 overexpression phenotype, resulting in a smaller, more disorganized, and blackened eye (Fig. 5A, iii) . Reciprocally, overexpression of Pabp2 using the EP2264 allele (16) significantly suppressed the dNab2-driven rough-eye phenotype (Fig. 5A, iv) , whereas expression of a control UAS-eGFP transgene had no effect (Fig. 5A, v) . This qualitative modification of the dNab2-driven rough, small-eye phenotype by Pabp2 alleles was confirmed by 2D quantification of eye size (Fig. 5B) .
To determine whether the genetic interactions between dNab2 and Pabp2 in the adult eye reflect a role for dNab2 in poly(A) tail length control, bulk RNA poly(A) tail length was measured and quantified in adult heads (Fig. 5 C and D) . As described for S. cerevisiae nab2 mutants (6, 10), poly(A) tail length was increased in dNab2 ex3 mutant heads (Fig. 5C , lane 2, and D) relative to p-ex controls (Fig. 5C, lane 1, and D) . Similar data were obtained from analysis of RNA isolated from whole flies (Fig. 5E) . Reciprocally, overexpression of dNab2 in the eye shortened bulk poly(A) tail length relative to p-ex control, and consistent with the genetic modification data, this molecular effect was rescued by cooverexpression of Pabp2 (Fig. 5 C and D) . These biochemical effects, thus, parallel the genetic relationship between dNab2 and Pabp2, and they argue strongly that these proteins have antagonistic effects on bulk poly(A) tail length in neuronenriched adult tissues such as the eye.
In contrast to the effect of dNab2 on polyadenylation, no obvious change in poly(A) RNA localization was apparent in clones of dNab2 ex3 mutant larval wing disc cells (
) generated in the background of WT control cells ( +/+ ) (Fig. 5F, Upper) . As a control, cells mutant for the mRNA export receptor sbr (17) showed nuclear accumulation of poly(A) RNA (arrowheads in Fig. 5F, Lower) . Thus, loss of dNab2 seems to dysregulate poly (A) tail length and cellular function without perturbing bulk poly (A) RNA export from the nucleus. , and ****P = 0.002 in a two-tailed t test). Error bars = SEM.
Discussion
In an effort to better understand the molecular and cellular processes that underlie normal brain function, we have sought to identify mutations that lead to ID in the human population. Here, we identify mutations in the human ZC3H14 gene in human patients with NS-ARID and create a tractable genetic model that recapitulates key phenotypic elements of the human disease. We show that the Drosophila ZC3H14 ortholog dNab2 regulates RNA poly(A) tail length and that loss of dNab2 leads to extended RNA poly(A) tails. The effect of dNab2 on RNA poly(A) tail length coupled with neuronal-specific behavioral phenotypes seen in dNab2 mutant flies and ZC3H14-associated NS-ARID patients provide evidence that dNab2-mediated control of RNA poly(A) tail length is required for normal neuronal function.
Loss of dNab2 in Drosophila or NAB2 in budding yeast causes an increase in bulk RNA poly(A) tail length (6), but the mechanism by which these hyperadenylated mRNAs contribute to neuronal dysfunction or possibly, to human disease is not established. Likely consequences of hyperadenylated mRNAs could include altered transcript stability, titration of critical poly(A) RNA binding proteins, and/or bypass of cytoplasmic polyadenylation necessary for activity-dependent translation of neuronal mRNAs. Individually or combined, these defects could disrupt spatiotemporal control of gene expression needed for development of the nervous system and higher-order brain function. Thus, we speculate that ZC3H14/dNab2 could play critical roles in neurons such as ensuring that transcripts are properly targeted to sites of localized translation. This hypothesis is consistent with a report that budding yeast Nab2 aids in targeting transcripts to the bud site (18) . Alternatively, ZC3H14 and dNab2 may regulate a set of mRNAs that play key roles in neurons, such that ZC3H14/dNab2 loss disproportionately affects this cell type. These mechanisms could explain why mutation of ubiquitously expressed posttranscriptional regulatory factors such as dNab2 and ZC3H14 leads to neuronal defects in flies and more critically, to NS-ARID in humans.
Although the NAB2 and dNab2 genes are essential (7), loss of the corresponding forms of the ZC3H14 protein (isoforms 1-3) in humans seems to selectively impair brain function, because patients display nonsyndromic intellectual disability. At this early stage of investigation, it is unclear whether ZC3H14 is simply not essential in humans or whether the remaining cytoplasmic isoform of the protein, isoform 4, suffices in all tissues except the brain. Alternatively, we cannot rule out the possibility that a protein that is functionally redundant with ZC3H14 exists; however, the human genome does not encode any apparent sequence orthologs of ZC3H14. Because isoform 4 is only expressed in mammals (5), future studies exploiting mammalian model systems will be required to address the functional requirements for specific isoforms of ZC3H14 as they relate to human intellectual disability.
The identification of ZC3H14 mutations in NS-ARID places ZC3H14/dNab2 among several other RNA binding proteins implicated in human diseases that impact neural function (19) . However, this study identifies a direct link between a poly(A) RNA binding protein and a human brain disorder and thus provides insight into the molecular basis of intellectual disability and brain function.
Materials and Methods
Subjects. All patients from both families suffer from either mild-moderate (Family-1) or severe (Family-2) NS-ARID (Table S1 ). Sample collection and clinical evaluation were carried out as previously described (2) with the informed written consent of the parents.
Genetic Analyses. All affected members, parents, and healthy siblings from both families were genotyped using the Affymetrix GeneChip Human Mapping 10K Arrays. All subsequent analyses were carried out using the standard methods described in SI Materials and Methods.
Drosophila Analyses. All genetic manipulations, behavioral assays, and immunostaining experiments were performed using the standard methods described in SI Materials and Methods.
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